We show that oxidation of phosphorene can lead to the formation of a new family of planar (2D) and tubular (1D) oxides and sub-oxides, most of them insulating. This confers to black phosphorus a native oxide that can be used as barrier material and protective layer. Further, the bandgap of phosphorene oxides depends on the oxygen concentration, suggesting that controlled oxidation can be used as a means to engineer the bandgap. For the oxygen saturated composition, P2O5, both the planar and tubular phases have a large bandgap energy of about 8.5 eV, and are transparent in the near UV. These two forms of phosphorene oxides are predicted to have the same formation enthalpy as o -P2O5, the most stable of the previously known forms of phosphorus pentoxide.
I. INTRODUCTION
Phosphorene, a single layer of black phosphorus, is a unique two-dimensional semiconductor with a nearlydirect gap in the visible range.
1,2 It stands out amongst the family of 2D materials for its orthorhombic waved structure with superior flexibility and small Young's modulus, 3 allowing for strain-driven band structure engineering.
1 From the point of view of electronic and optoelectronic applications, it features high carrier mobility and on-off ratio, 4, 5 as well as a giant photoresponse in the IR and UV. 6 In contrast to graphene, phosphorene is prone to oxidation, 7 which usually leads to degradation of the structure and electronic properties. 8, 9 At present oxidation is avoided by encapsulating with polymers or other two-dimensional materials eg. graphene or boron nitride. 8 However, there are indications that a phosphate layer grown in a controlled way could be used as a protective layer or even as a functional material on its own. Black phosphorus oxidizes on the surface, seemingly leaving the deepest layers intact. The non-uniform degradation pattern normally observed, showing as dark patches on the optical microscope image, seems to require the interaction with water, 10,11 even though energy-loss spectra shows P x O y still grows in oxygen-only atmosphere. 12 In this article, we show that phosphorene oxides and suboxides can exist in monolayer form, suggesting that there is an opportunity for growth of single-layer or few-layer native oxide at the black phosphorus surface.
The existence of an insulating native oxide is an added advantage for phosphorene. Since phosphate glasses, 13 (e.g. monolayer P 2 O 5 ) are transparent in the near UV, a passivating coating will preserve the optical properties of the underlying phosphorene. Further, since such a coating it is saturated with oxygen, it prevents oxygen molecules from reaching the pristine phosphorene layers beneath.
Bulk P 2 O 5 has at least three known planar polymorphs, a molecular solid 14 (with P 4 O 10 structural units), and two orthorhombic phases, 15, 16 along with an amorphous phase. 17, 18 The thermodynamically most stable form (o -P 2 O 5 ) is a layered structure belonging to the P nma space group. 16 A monolayer phase, different from the one reported here, has also been proposed by a recent theoretical study.
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In this article, we show that suboxides (P 4 O n , n < 10) also exist in a variety of layered forms, most of them insulating, with bandgaps that depend on the oxygen concentration. This offers the possibility of using oxidation as a means to engineer the bandgap of phosphorene. The article is divided in three parts: first, we describe the structure and energetics of phosphorene oxides; then, we consider their electronic properties and finally their vibrational spectra.
II. COMPUTATIONAL DETAILS
All first-principle calculations are based on the framework of density functional theory (DFT), as implemented in the Quantum ESPRESSO package 20 . We use the PBE 21 , PBEsol 22 and HSE06 23 (HSE hereafter) approximations for the exchange and correlation energy. The PBEsol functional is preferred over PBE because it cures the systematic tendency of PBE to overestimate equilibrium lattice constants of solids 22 . The HSE functional, with its fraction of screened short-ranged HartreeFock exchange, yields reasonably accurate predictions for energy bandgaps in semiconductors [24] [25] [26] . Unless otherwise stated, all quantities reported (e.g. energies, bond lengths and bond angles) are obtained with the PBEsol functional. The electron-ion interaction is described using the projector-augmented wave (PAW) 27 approach for PBEsol calculations, while norm-conserving TroullierMartins pseudopotentials 28 are employed in PBE and HSE calculations. We employ a plane wave basis set with kinetic energy cutoffs of 70 Ry (280 Ry) to describe the electronic wave functions (charge density). Vibrational properties including Raman and infrared spectra are calculated with density functional perturbation theory 29 (DFPT) and the PBEsol functional. The Brillouin zone is sampled using a Γ-centered 10×8×1 Monkhorst-Pack (MP) grid 30 for all but the vibrational calculations, for which a finer 15×12×1 grid is employed. A supercell of 16Å in the direction perpendicular to the monolayer is used to avoid spurious interactions between periodic replicas. For each oxygen concentration, tens of different configurations are used as starting points for optimization. Then, lattice geometries and atomic positions are relaxed till the forces on each atom are less than 10 −3 eV/Å, and the pressure less then 1 kbar, except for the HSE calculations, where we use the PBE lattice parameters. The tetrahedron smearing method 31 is used with a Gaussian broadening of 0.04 eV and a 12×9×1 MP grid in the density of states (DOS) calculations. However, local and semilocal DFT functionals (such as PBE and PBEsol) are known to underestimate the bandgap because of their missing derivative discontinuity in the exchange-correlation energy across the gap 32, 33 . The inclusion of a fraction of exact nonlocal short-ranged Hartree-Fock exchange, as done in HSE, partially cures this shortcoming, giving bandgaps in better agreement with experiment 23 . Thus, we use HSE to calculate the bandgap energy 26 .
To further validate the HSE results, we calculate the bandgap of pristine phosphorene and the two phosphorene oxides (p-P 4 O 10 and t-P 4 O 10 ) using the GW approximation to the electron self-energy within the generalized plasmon pole model. 34, 35 The GW method is stateof-the-art for evaluating quasiparticle bandgaps since it gives values in very good agreement with experiment (typically within 0.2 eV) for a large variety of systems and a broad range of bandgaps 36 . The GW calculations are performed in two stages. First, relaxed lattice geometries, equilibrium atomic positions and the electronic ground state are obtained from a DFT calculation with the PBE functional and Troullier-Martins pseudopotentials 28 . Then, the DFT Kohn-Sham orbitals and energies are used to construct both the electronic Green's function, G, and the dynamically screened interaction, W, to evaluate the quasiparticle self-energy Σ ≈ iGW. This method is commonly referred as G 0 W 0 . To achieve convergence in our GW calculations we follow the procedure proposed by Malone and Cohen. 37 For pristine phosphorene, we use 370 bands to evaluate the dielectric matrix and the self-energy Σ, employing an energy cutoff cutoff of 12 Ry for the dielectric matrix and a 24×20×1 MP-grid; convergence was however checked with up to 1024 bands and using cutoff up to 20 Ry. For the two phosphorene oxides (p-P 4 O 10 and t-P 4 O 10 ) we use an energy cutoff cutoff of 8 Ry for the dielectric matrix, and 800 and 896 bands to evaluate and Σ, respectively. A 7×4×1 grid for p-P 4 O 10 and a 4×6×1 grid for t-P 4 O 10 are employed. Convergence was checked including up to 1792 bands and increasing cutoff up to 20 Ry. For all the GW calculations we use a supercell of 20Å in the direction perpendicular to the monolayers and a slab-truncation of the Coulomb potential. 38 The GW calculations are performed with the ABINIT code. 39 Additional details on the convergence study are given in the Supplemental Material. With these parameters, we conservatively estimate the errors in our GW bandgaps at 0.05 eV for pristine phosphorene and 0.1 eV for p-P 4 O 10 and t-P 4 O 10 .
III. RESULTS AND DISCUSSION

A. Structure
First we describe the new family of phosphorene oxides (POs) found in this study. These are obtained by adding oxygen atoms to phosphorene, maintaining the rectangular lattice symmetry. We considered all compounds P 4 O n with n between 1 and 10. The maximum oxygen concentration of 250%, or 10 oxygen atoms per unit cell, corresponds to the stoichiometry of phosphorus pentoxide (P 2 O 5 or P 4 O 10 ), whose known polymorphs were outlined in the introduction 40 . For each oxygen concentration, we use tens of different starting points corresponding to different O atoms arrangements in the pristine phosphorene lattice. After lattice relaxation and geometry optimization, numerous metastable phosphorous oxide (PO) structures are identified. We find that, for each oxygen concentration, the most stable POs can be always divided into two very distinctive classes: planar (2D) and tubular (1D) forms. For convenience, we refer to the planar forms as p-P 4 O n and to the tubular forms as t-P 4 O n , where n is the number of oxygen atoms in the unit cell. We also identify surface forms s-P 4 O n . Some representative structures are depicted in Fig.1 . Analysis of the local oxygen atom environments that are common to both p-P 4 O n and t-P 4 O n forms presented in Fig.1 indicates that all the PO structures identified exhibit two P-O motifs: the dangling and bridging oxygen motifs shown in The dangling oxygen motif, represented in Fig.2a , consists of an O atom that forms a bond with only one P atom. The phosphorus lone pair is attracted towards the more electronegative oxygen atom, giving rise to an excess of negative charge localized on the O atom (Fig.2a) . The P-O bond is short, strong and polar with bond lengths ranging from 1.44Å to 1.51Å depending on phosphorus oxidation number and local environment.
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Similar to what has been found for dangling oxygens on a phosphorene surface 7 , in the PO forms identified here, the P=O bonds always point away from the zigzag ridge in which they are chemisorbed, minimizing Coulomb repulsion between the oxygen p orbitals.
The P=O bond length decreases monotonically as the number of oxygens linked to the phosphorus involved in the bond increases. Let P (n) be a phosphorus atom that is linked to n oxygens, where n = 1, . . . , 4. With this notation P
(1) =O defines a double bond in which a phosphorus is linked to only one oxygen, as shown for example in Fig.2a . The average P=O bond lengths for the sequence of P (n) configurations are given in Table I for the planar and tubular forms. The longest P=O is found for n = 1 (where the P atom establishes a P=O bond and three P-P bonds); conversely, the shortest P=O are found in p-P 4 O 10 and t-P 4 O 10 (n = 4), where the phosphorus atom is bonded to four oxygens. This monotonic decrease in the P=O bond length with increasing oxygen connectivity has an analogue in the molecular series P 4 O m (m=6−10) [41] [42] [43] . In the bridge motif, as the name indicates, the oxygen atom bridges two P atoms, occupying a position close to a P-P bond center (Fig.2b) . The electron density is mostly distributed on the two P-O bonds, and only a moderate electron density accumulation is observed on the oxygen. Therefore, we expect a much stronger Coulomb repulsion between dangling oxygens than bridging oxygens, especially for high O concentrations. The P-O bondlengths in this case are between 1.61Å and 1.78Å, this wide range due to different strain interactions and lattice distortions depending on the oxygen concentration.
Bridging oxygens can either bond with P atoms from the same or from different zigzag ridges, therefore forming intra-ridge (e.g. B or C in Fig. 3b ) or inter-ridge bridge (e.g. D in Fig. 3b ) structures. In particular, interridge bridges are essential for the formation of the planar forms because they effectively link different ridges that would otherwise separate and form 1D tubular chains. The formation of oxygen bridges increases considerably the lattice parameters, resulting in deformations as large as 90% relative to pristine phosphorene for the maximally oxidized forms (see Table II ). Dangling and bridging oxygens can occupy numerous positions in the lattice, giving rise to a manifold of metastable, nearly degenerate structures. In the following we examine in detail the most stable POs obtained for maximum oxygen concentration: the planar p-P 4 O 10 and the tubular t-P 4 O 10 forms. These are shown in Fig.3 and Fig.5 , respectively.
The planar p-P 4 O 10 is a waved structure, like the parent phosphorene. It can be built by placing an oxygen atom near each bond-center and near each lone pair. The space group is Cm (C 3 s ), and the unit cell contains 4 phosphorus and 10 oxygen atoms. There are four inequivalent P-O bonds, three of which connect the phosphorus atom with bridging oxygens (B,C,D in Fig.3b ), while the forth links the phosphorus to a dangling oxygen (A in Fig.3b ). The respective bond lengths are given in Table III . To minimize Coulomb repulsion, the bridging oxygens between P atoms in the same zigzag ridge alternate up and down buckling, forming two rows parallel to the xdirection and separated by 1.23Å in the z-direction (see brown and grey bonds in Fig.3b ), one row being above and the other below the x-y plane passing through the two P atoms in the zigzag ridge.
Alternatively p-P 4 O 10 can be seen as consisting of identical quasi-tetrahedral PO 4 units, forming a network of vertex-sharing tetrahedra (Fig.3a) . The bond lengths of the PO 4 tetrahedra are listed in Table III . The deviations from the ideal tetrahedral bond angles (109.5 • ) can be straightforwardly explained in the framework of valence-shell electron pair repulsion (VSEPR) theory [44] [45] [46] . The P-O (A) bond has in fact a double bond character, hence the repulsion between electron-pair domains in VSEPR is larger 46 , causing larger bond angles relative to the idealized tetrahedral geometry.
The planar p-P 4 O 10 structure is entirely different from the layered o -P 2 O 5 form previously reported by several experimental studies, 16 shown in Fig.4 . While both consist of rings of six PO 4 tetrahedra, in o -P 2 O 5 the tetrahedra are organised in alternating rows along the [100]. Further, in profile o -P 2 O 5 resembles a sawtooth, whereas p-P 4 O 10 has the same waved appearence as phosphorene.
Nearly degenerate in energy with the planar p-P 4 O 10 form (Fig.6) , we find the tubular t-P 4 O 10 structure, shown in Fig.5 . The t-P 4 O 10 structure is a tubular (1D) form consisting of eight-membered rings, connected to each other at an angle of approximately 100
• (see for example the angle between the D and B bonds or D and C bonds in Fig.5 ), these rings consisting of alternated phosphorus and bridging oxygen atoms. Only inversion symmetry is present, hence the space group is P −1 (C 1 i ). 
There are two inequivalent (although very similar) PO 4 units, depicted in Fig.5 (left side) . The bond lengths and angles are listed in Table III. Similar to p-P 4 O 10 , t-P 4 O 10 can be seen as a cornerlinked network of PO 4 tetrahedra. However, different from polyphosphate chains, 40 in these tubular forms each tetrahedra shares three vertices, forming a tubular structure rather than a simple chain structure.
For intermediate concentrations, we find two metastable phosphorene oxides in which oxygen is present only on the phosphorene surface, in the form of dangling oxygen atoms. We refer to these as surface forms, and in particular as s-P 4 O 2 for the single-surface oxidized, and s-P 4 O 4 for the double-surface oxidized; the two structures are shown in Fig.1 panel (c) . As a result of oxygen chemisorption, the planes containing the top and the bottom zigzag ridges are not parallel to each other anymore (as in pristine phosphorene). The two P atoms in the same zigzag ridge are shifted from each other by about 0.5Å in the direction perpendicular to the surface. In contrast with the other planar forms, the lattice deformation in this case is minimal. 
B. Stability
The stability of the POs can be quantified using the binding energy per oxygen atom, defined as
where N O is the number of O atoms in the unit cell, E ox , E p and E O2 are the total energies of the PO, the pristine phosphorene, and the O 2 (triplet) molecule, respectively. From the definition above, a value of E b > 0 indicates that the oxide formation is energetically favored in the presence of O 2 . The average binding energies per O atom E b for the most stable tubular, planar and surface POs calculated with the PBEsol and HSE functionals are shown in Fig.6 . The gain in energy due to oxygen chemisorption in phosphorene is very large across the whole concentration range (from ∼1.8 to 2.9 eV per O atom).
Regardless of the oxygen concentration, we invariably find that the lowest energy structure is a planar (p-P 4 O n ) phosphorene oxide, with the tubular forms lying slightly higher in energy. In addition, for low and medium oxygen concentrations we find a manifold of states corresponding to different oxygen arrangements that have nearly the same energy. Obviously, for P 4 O 10 the phosphorene lattice is saturated with oxygen, so only two new structures were found (p-P 4 O 10 and t-P 4 O 10 ). For the lowest concentration considered, n=1, the chemisorption of dangling oxygen is favored relative to bridging oxygens; in fact, p-P 4 O 1 has a chemisorbed dangling oxygen (E b =2.1 eV), while on t-P 4 O 1 we have a bridging oxygen (E b =1.4 eV). However, for all O concentrations higher than n=1, no clear difference emerges in the energetics of dangling or bridging oxygens. The amount of energy gained after O chemisorption is dictated by the interplay between Coulomb repulsion of localized charges on the phosphorene surface and strain interactions, the former due to dangling oxygens and the latter mainly governed by bridging oxygens. Since bridging oxygens increase the P-P distance by about 0.7Å (Fig.2b) , the insertion of oxygen bridges between neighboring dangling oxygens can substantially reduce their Coulomb repulsion, greatly stabilizing the PO. This explains the counter-intuitive increase in binding energy per oxygen atom with increasing oxygen concentration.
The effect of the reduction of Coulomb repulsion due to the insertion of oxygen bridges is particularly evident for the case n=2, shown in Fig.7 . Even though for n=1 dangling oxygen chemisorption is favored over bridging oxygen chemisorption, when two dangling oxygens are chemisorbed on the same side of the phosphorene surface their strong Coulomb repulsion raises the energy of the compound, resulting in E b =1.76 eV for the surface form s-P 4 O 2 (blue triangle at n=2 in Fig.6 ). This energy can be reduced by forming oxygen bridges instead of dangling oxygen, and therefore there are numerous other p-P 4 O 2 and t-P 4 O 2 forms containing bridging oxygen that are more stable (up to 1.02 eV and 0.74 eV, respectively) than s-P 4 O 2 . Similar considerations apply to the doubleside surface oxidized form s-P 4 O 4 , which is ∼1.8 eV and ∼1.4 eV higher in energy than the most stable planar and tubular forms, respectively, with the same concentration. From these simple considerations, we can argue that in near-equilibrium conditions the surface forms s-P 4 O 2 and s-P 4 O 4 will not be the primary outcome of phosphorene oxidation, contrary to what has been recently proposed 19 . Nevertheless, these surface oxidized forms can possibly be favored by specific kinetic factors. Still, since the activation energies for dangling oxygen formation and for oxygen insertion (bridges formation) are very similar (0.54 and 0.69 eV, respectively), 7 it is unlikely that these surface oxide phases will form even at low temperatures.
We also found that the other surface forms proposed in the literature 47 are not stable at both PBE and PBEsol level, and after lattice relaxation and geometry optimization (with a tight convergence threshold for forces of 10 −3 eV/Å) the two forms presented here, s-P 4 O 2 and s-P 4 O 4 , are found.
For the maximum oxygen concentration (n=10), the p-P 4 O 10 and t-P 4 O 10 forms have nearly degenerate energies, with E b =2.81 eV (2.70 eV) and E b =2.78 eV (2.70 eV) at the PBEsol (HSE) level, respectively. They are nearly degenerate in energy with the o form, which has a binding energy of 2.81 eV with PBEsol (2.68 eV with HSE) in the monolayer form, or 2.88 eV (at the PBEsol level) in the bulk form. They also are the most stable POs among all O concentrations considered in this work. Their structures, which are essentially a homogenous network of three-corner linked PO 4 tetrahedra (Fig.3 and Fig.5 ), minimize both strain interactions due to oxygen bridges and Coulomb repulsion from dangling oxygens.
C. Electronic properties
Chemisorption of oxygen atoms and the formation of POs drastically changes the electronic properties of phosphorene. The bandgap E gap of both planar and tubular oxides is plotted as a function of oxygen concentration in Fig.8 . Both planar and tubular phosphorene oxides are found to be semiconducting or insulating, depending on the O concentration. The bandgap of planar POs (black squares) increases monotonically with oxygen concentration, from 2.21 eV (n = 1) to 7.69 eV (n = 10) at the HSE level. Note that the bandgaps calculated at the PBEsol level follow almost precisely the same trends, but are simply shifted to smaller gaps compared to HSE by roughly 1.5 eV across the entire O concentration range (see Fig.8 ).
The increase in bandgap with O concentration in planar POs is due to the increasingly ionic character of the bonds, and the resulting wavefunction localization. The series p-P 4 O n (n=1,2,3) is a particularly explanatory example of this phenomenon, and it is shown in Fig.9 . In p-P 4 O 1 one dangling oxygen is chemisorbed, corresponding to a 25% concentration. The band structure is strongly modified compared to pristine phosphorene (shown in Supplemental Material ), but the valence band is still delocalized over all the crystal, as shown in Fig.9a , and still exhibits moderate dispersion. The bandgap is now indirect, but its value is still close to pristine phosphorene (2.21 eV vs. 1.77 eV of pristine phosphorene at the HSE level in our calculation). If more oxygen atoms are added, the band structure drastically changes (Fig.9e-9f) . In p-P 4 O 2 , the valence band becomes localized on the top zigzag ridge (Fig.9b) . The valence band is now nearly completely flat, and the conduction band generally has less dispersion than that of p-P 4 O 1 . The bridging oxygen thus effectively creates nanoribbons, and strongly increases the bandgap (3.35 eV with HSE). In p-P 4 O 3 (Fig.9c-9f ) additional oxygen bridges, intra-ridge and inter-ridge, are formed. The valence band is now localized on P, and both valence and conduction bands have very low dispersion due to their localization. The bandgap is 3.65 eV at the HSE level. For n>3, all p-PO band structures preserve the low dispersion present in p-P 4 O 3 , together with an increasing bandgap. Their atomic and electronic band structures are shown in Supplemental Material. Tubular phosphorene oxides are also insulating, with bandgaps covering a large range of energies from 1.62 eV to 7.78 eV (at HSE level). In contrast to what we have described for planar POs, we did not find that tubular POs exhibit a monotonic increase in bandgap with oxygen concentration (see Fig.8 ). We can separately consider two regimes, n ≤ 7 and n > 7.
The atomic structure and electronic band structure of some representative tubular POs are shown in Fig.10 . The compound t-P 4 O 4 (Fig.10a) presents a feature common to all low and medium concentration tubular POs (n ≤ 7): both occupied and unoccupied states around the Fermi energy are nearly flat, while the conduction band is dispersive and well-separated from the manifold of occupied (below) and empty states (above). The conduction band in this particular case has ∼2 eV bandwidth in all directions (Γ-M, M-X and Γ-Y), but it is flat on the X-Γ direction, which is the direction perpendicular to the chain composing this tubular PO; this is the signature of the 1D nature of tubular POs. The strong Coulomb repulsion between dangling oxygens separates the chains, which interact only through (weak) van der Waals forces.
The compound t-P 4 O 7 has a similar band structure, but shows increased dispersion of the conduction band (Fig.10b-10e) . The conduction band arises from delocalized phosphorus p orbitals at the bottom of the PO layer, where no oxygen bridges are present (see right side of Fig.10b ). The bandgap is only 1.62 eV (HSE level).
In the high concentration regime (n ≥ 8), the scenario is quite different. Chemisorption of a bridging oxygen atom in the phosphorus chain (marked by an arrow in Fig.10b,c) breaks the conjugation, localizing both conduction and valence bands, and greatly increasing E gap . This is particularly evident in t-P 4 O 8 ( Fig.10c-10f) : the conduction band, in contrast to the situation discussed above, is now very close to the manifold of unoccupied states, and presents no dispersion. The bandgap increases by roughly ∼4 eV at both PBEsol and HSE levels, making the material an insulator. The surface forms s-P 4 O 2 and s-P 4 O 4 are instead both semiconducting with HSE bandgaps of 2.54 eV and 2.34 eV, respectively.
Electronic band structure and density of states (DOS) of the maximally oxidized phosphorene oxides p-P 4 O 10 and t-P 4 O 10 are shown in Fig.11 . Both POs are insulators, and they have remarkably similar band structures. There is a manifold of 8 nearly degenerate dispersionless occupied states between -1 eV and 0 eV for both species; these states are p orbitals localized on dangling oxygens, bridging oxygens or both, and they do not have any appreciable electron density on the P atoms. The conduction band consists instead of p orbitals on dangling oxygens and on P-O bridges, and it is slightly dispersive. The bandgap is 5.56 eV for both species at the PBEsol level, enlarged at 7.68 eV for p-P 4 O 10 and at 7.78 eV for t-P 4 O 10 with the HSE functional. Interestingly, we find that monolayer o -P 2 O 5 has a similar HSE bandgap (7.45 eV).
For pristine phosphorene and the maximally oxidized phosphorene oxides we calculated the bandgaps also within the GW approximation. 34, 35 For the pristine phosphorene we obtain 1.70 eV, close to the 1.60 eV of Ref.
48 , but different by 0.3 eV from Tran et al. 2 We note that all the convergence parameters used in this work are higher than those used in these previous studies (see Supplemental Material for a complete comparison).
For p-P 4 O 10 and t-P 4 O 10 we obtain GW bandgaps of 8.50 eV and 8.69 eV, respectively, close to the HSE results. The bandgaps for pristine phosphorene and maximal oxidation POs calculated with different levels of theory are summarised in Table IV. Even though the Raman spectrum of POs changes quite significantly depending on the oxygen concentration, it is possible to identify three distinctive vibrational regions common throughout the whole P 4 O n series. Some of the typical vibrational modes relevant in these different regions are presented in Fig. 12 . The low frequency region of the vibrational spectra (<300 cm −1 ) is dominated by bending modes of the P=O groups relative to the rest of the structure, but also includes a small component of P-O-P bending. The presence of P-O-P bending modes increases with frequency, and becomes strongly predominant in the region between 500 and 1000 cm −1 . For the surface forms (s-P 4 O 2 and s-P 4 O 4 ) in which only dangling oxygens are present, there are indeed no vibrational modes between 500 cm −1 and 1000 cm −1 . In the high frequency region, the vibrational spectrum instead only involves P=O stretching modes; these modes are decoupled from the other vibrations because the P=O bonds are much stronger than P-O bridges, as in the case of the molecular (bulk) phosphorus oxides 49, 50 . The P=O stretching modes are separated from the other modes by at least 200 cm −1 for all oxygen concentrations, and there are as many as the number of dangling oxygen in the PO. This observation opens the possibility of direct experimental detection of the number of dangling oxygens through Raman spectroscopy. P=O stretching modes start at 1063 cm −1 for n=1 (p-P 4 O 1 ) and monotonically blueshift with increasing oxygen concentration till about ∼1370 cm −1 for maximum oxidation. This is consistent with the shortening of P=O bond found with increasing oxygen linkage, as shown in Table  I and analogous to the observed blueshift of P=O vibrational frequencies in the series P 4 O m (m=6−10) measured in solid argon 51 .
Raman spectra and Raman active modes of p-P 4 O 10 and t-P 4 O 10 are shown in Fig.12a and 12b , respectively. In p-P 4 O 10 , there are three high intensity Raman peaks at 216 cm −1 , 583 cm −1 and 1363 cm −1 and a low intensity peak at 390 cm −1 . The first peak (216 cm −1 ) consists of the concerted wag mode of the four P=O dangling oxygens (scissoring), together with an symmetric P-O-P stretch of the two inter-ridge bridges (purple in Fig.3b) . The second strong peak at 583 cm −1 is a combination of the P-O-P symmetric stretch of the middle intra-ridge bridges (brown in Fig.3b ) and the P=O stretch of all dangling oxygens. The last strong peak (1363 cm −1 ) involves the stretching of the P=O bonds. The low intensity peak at 390 cm −1 is instead the P-O-P symmetric stretching of the lower and higher intra-ridge bridges (grey in Fig.3b) .
In contrast, only one strong peak at 1374 cm −1 , corresponding to the P=O stretching of two dangling oxygens, is present in the Raman spectrum of t-P 4 O 10 , as shown in Fig.12b . Four low intensity peaks, however, appear in the range 250-550 cm −1 .
The mode at 246 cm −1 involves P=O bond scissoring with a contribution from an asymmetrical bending of the P-O-P bridges, while the one at 298 cm −1 involves P=O scissoring such that the top and bottom layer dangling oxygen moves towards the tubular oxide center. Finally, at 506 cm −1 we find a ring-breathing mode (P-O-P symmetrical bending of inter-ridge bridges) and at 551 cm 
IV. CONCLUSIONS
We have described a family of two dimensional phosphorus oxides obtained by oxidation of phosphorene, with oxygen content up to 10 oxygen per phosphorene unit cell (P 2 O 5 ).
The gain in binding energy due to oxygen chemisorption in phosphorene is very large (from ∼1.8 to 2.9 eV per O atom), and increases with the oxygen concentration. In parallel with the two-dimensional, planar forms, there are tubular (polymeric) forms with similar formation enthalpy. The planar forms are lower in energy than the tubular forms for all O concentrations; the energy difference is however quite small (typically<0.1 eV per O atom), hence both forms are likely to coexist under normal experimental conditions, forming ordered and disordered (amorphous) domains depending on the oxidation process, local impurities and defects. It is also feasible that different forms of POs can be experimentally created by a suitable choice of growth conditions, in much the same way as the (bulk) series P 4 O 6+m (0≤m≤4) can be obtained by varying the atmosphere, temperature and pressure in which P 4 is treated 40, 41 . Moreover, both planar and tubular forms have very similar formation enthalpy of the thermodynamically most stable known phosphorus pentoxide (o -P 2 O 5 ).
The phosphorene oxides can be used as a transparent tunneling materials, namely on black-phosphorus or phosphorene-based devices. The bandgap energy of planar P 4 O n increases with n, and is 8.5 eV for n = 10. The tubular forms are also insulating, and close to the oxygen saturation limit (P 2 O 5 ), have nearly the same gap energy, and therefore their coexistence with the planar form does not jeopardize its transparency or electrical insulation properties.
Though the planar and the tubular form of P 2 O 5 give rise to high frequency Raman scattering peaks with very close energies (at 1363 and 1374 cm −1 ), the planar form can be identified by an intense peak at 583 cm −1 , just above the Raman edge of black phosphorus (470 cm −1 at room temperature 52 ).
